mors. Conclusions: DTPM is a promising tool for the evaluation of whole-organ tissue perfusion. This study demonstrates the feasibility of performing DTPM measurements in kidneys bearing RCC lesions. In tumors that are characterized by extensive neovascularization, this method has the potential to be a valuable diagnostic tool.
taken to improve the diagnostic potential of US for differentiating between benign and malign lesions or characterizing vascularity [4] [5] [6] . RCC is characterized by a high degree of vascularization and pathologically increased blood flow [5, 7] . Hereby, the overexpression of proangiogenic factors and intense angiogenesis are a hallmark of many RCCs [8] [9] [10] . Recently, antiangiogenic drugs, such as tyrosine kinase inhibitors, have been approved for first-line therapy of RCC [11, 12] . Because of these reasons, US assessment of blood flow may hold a significant potential not only for diagnostic purposes but also for monitoring therapy. The conventional color Doppler US has limitations in resolving intratumor vascularization [13] . Although contrast-enhanced US is an invasive procedure, it has already been successfully applied for measuring tissue perfusion in primary tumor lesions [14] or for monitoring therapy response [15] .
In this study, we used conventional color Doppler US and applied a novel dynamic tissue perfusion measurement (DTPM) technique to assess for the first time wholeorgan perfusion in kidneys bearing RCC. The kidneys with histologically confirmed RCC showed significant changes in several perfusion parameters compared to corresponding healthy kidneys.
Patients and Methods

Study Population
Between May 2009 and June 2010, 32 patients with focal renal lesions were included in this study. All patients gave informed consent prior to examination. Renal lesions were confirmed by computed tomography imaging. The patients were hospitalized for partial or radical nephrectomy. Two patients were excluded because of the following reasons: absence of the contralateral kidney (n = 1) or previous kidney transplant (n = 1). In the final evaluation, 30 patients were retrospectively analyzed.
Of these cases, histopathological examination confirmed 25 cases of clear cell RCC (83.4%), 4 cases of papillary RCC (13.3%) and 1 case of chromophobe RCC (3.3%). Detailed information regarding the composition of the study population and the histopathological classification of the RCC tumors is shown in table 1 .
Color Doppler Sonography
The patients were examined by Doppler US the day before scheduled surgery. Investigation of the kidney was performed with a 4-to 8-MHz curved probe using Pro Focus 2202 US equipment (BK Medical, Herlev, Denmark). Four transverse sections per kidney (two through the upper pole and two through the lower pole; fig. 1 ) were recorded. The presettings of the US equipment remained constant. The frequency was set to 5.5 MHz, and the color gain was fixed by the presetting and remained constant. To minimize artifacts caused by organ movement, the patients were asked to arrest breathing during image acquisition. A total of 166 images were acquired during the 10 s of recording time. The images were immediately checked for movement artifacts, and the measurements were repeated if necessary. The recording time of 10 s was chosen to acquire US images during multiple cardiac cycles.
Dynamic Tissue Perfusion Measurement
Digital color Doppler sonographic videos (DICOM format) were analyzed with PixelFlux software (Chameleon Software, Leipzig, Germany). For every patient, eight datasets were available: four transverse sections each for the affected kidney and for the healthy contralateral kidney. Briefly, after size calibration with a standardized size marker, a region of interest (ROI) was defined in every dataset, encompassing the entire kidney. RCC lesions were included in the ROI only when they were located within the specified transverse section. The direction and velocity of the dynamic blood flow was visualized by encoding different shades of red (blood flow directed towards the US probe) or blue (blood flow directed away from the US probe) pixels. Representative images of a kidney bearing RCC and the respective contralateral kidney are shown in figure 2 . During the examination, the US probe was aligned in such a way that arterial blood flow was predominately directed toward the probe (red) and venous blood flow directed from the probe (blue). The maximum encodable flow velocity was set to 8 19.3 cm/s. Individual cardiac cycles were detected automatically by the PixelFlux software and all complete cardiac cycles were the basis for further calculations. We increased the recording time from 3 s [16-19] to 10 s. As this was the first time, this technique was applied to kidneys bearing RCC, a prolonged recording time was chosen in order to receive valid Doppler US data from at least one complete cardiac cycle. By measuring the perfused area and individual flow velocities in the ROI, several characteristic perfusion parameters were determined. The area (A) of displayed vessels denotes the area (cm 2 ) that was perfused, as stratified according to blood flow direction. The tissue pulsatility index (TPI) of all colored pixels was calculated as the difference of mean maximum systolic (v sys) and mean minimum diastolic (v dia) blood flow velocity divided by the average blood flow velocity (v average); TPI = (v sys -v dia)/v average, where velocity refers to all colored pixels inside the ROI. This parameter could also be stratified according to blood flow direction. The tissue resistance index (TRI) of the entire ROI denotes, similar to the TPI, the difference between the maximum systolic (v sys) and the minimum diastolic (v dia) blood flow velocity divided by the maximum sys- 
Statistical Analyses
To compare tissue perfusion characteristics between kidneys with RCC lesions and healthy contralateral kidneys, we used nonparametric Wilcoxon-matched pairs test statistics. All tests were performed as two-sided, and p values ^ 0.05 were considered to be significant. Statistical analyses were performed using GraphPad Prism 4.0 software (GraphPad, Inc., La Jolla, Calif., USA).
Results
Tissue Perfusion
First, we were interested whether the presence of RCC changes the perfusion in the affected organ. The day before scheduled surgery, Doppler US measurements were recorded for the affected organ and the contralateral healthy organ. The calculation of characteristic tissue perfusion parameters was performed retrospectively after the recruitment period. We did not stratify the patient cohort according to histological subtypes because this approach would result in small sample groups. When we examined the arterial blood flow, as determined by the area displaying red pixels, we noticed that the kidneys with RCC showed a higher proportion of arterial blood flow. fig. 3 a) . A similar result was noted when we examined the total perfused area (A total ) irrespective of the direction of the blood flow. In this case, affected kidneys displayed a perfused area that was 1.49-fold larger than in healthy control organs (median 1.821 cm 2 , range 0.224-15.72 vs. 1.221 cm 2 , range 0.100-3.556; p = 0.002; fig. 3 a) . This result indicates that the number or size of blood vessels is increased in kidneys with RCC. To receive a more comparable measure of perfusion, we also calculated the global signal intensity, which incorporates not only the perfused area and flow velocity but is also independent of the ROI. The maximum signal intensity (I max ), as determined during systolic blood flow, was elevated up to 1.67-fold in affected kidneys (median 8.006 cm/s, range 2.624-15.09 vs. 4.787 cm/s, range 1.162-9,796; p ! 0.0001; fig. 3 b) , and the average signal intensity during a complete cardiac cycle was likewise elevated up to 1.37-fold (median 0.838 cm/s, range 0.257-2.989 vs. 0.611 cm/s, range 0.114-1.66; p = 0.004; fig. 3 b) . These results demonstrate that RCC shows not only an increase in blood vessel density but also an increase in global perfusion.
As papillary RCC is the RCC entity most commonly associated with hypovascular features [20] , we also compared characteristic tissue perfusion parameters between the subgroups of clear cell and papillary RCC. In the areas displaying blood flow, both arterial and total areas are reduced in papillary RCC ( table 2 ) . These results demonstrated that hypovascular features commonly associated with pRCC might also be associated with decreased renal perfusion in pRCC compared to clear cell RCC.
Peripheral Flow Resistance
TRI and TPI are more sophisticated measures of peripheral flow resistance than the common RI or PI. These values are considered to be associated with physiological changes, such as vascular spread, vascular branching or interstitial pressure [18] . When comparing these measures, we detected several changes between kidneys bearing RCC and healthy control kidneys. Both TRI and TPI for blue (predominantly venous) only 2% for this parameter. Altogether, these results indicate that RCC leads to a reduction in peripheral flow resistance in kidneys bearing RCC. Again, we compared these flow resistance parameters in the subgroups of clear cell and papillary RCC ( table 2 ) . Here, the flow resistance parameters did not differ to a great extent between the histologic subtypes of RCC.
Diagnostic Capabilities of Perfusion Parameters
As several perfusion parameters were altered in kidneys with RCC, we examined whether these parameters are capable of distinguishing between kidneys with or without RCC. All available parameters were tested as potential markers in a binary logistic regression analysis to determine their diagnostic properties. The best single discriminating factor was the I max with 66.7% of cases classified correctly. To select the optimal combination of perfusion parameters with the highest predictive potential, we used a binary logistic regression analysis and applied a backward elimination algorithm. A combination of the parameters I max and A total was identified and was able to correctly predict the presence or absence of RCC in 75% of all organs. To characterize further the capability of the selected parameters to distinguish between tumor and non-tumor samples, we performed a receiver operator characteristics (ROC) analysis. When analyzing I max , the resulting ROC curve revealed an area under the curve (AUC) of 0.75 (p ! 0.01; fig. 5 a) . In the case of the A total , the AUC was 0.66 (p = 0.03; fig. 5 b) . Combining both parameters resulted in an AUC of 0.78 (p ! 0.01; fig. 5 c) . These results demonstrate that the perfusion parameters can distinguish between affected and normal kidneys.
Associations with Clinicopathological Features
We next analyzed whether any perfusion parameter correlated with clinicopathological parameters. We used a non-parametric bivariate correlation to test for an association with the clinicopathological parameters of pT stage, Fuhrman grade and tumor size ( table 1 ) . In no case did we find any association of tissue perfusion parameters of the affected organ and clinicopathological features of the tumor (data not shown). A similar result was obtained when we analyzed the subgroups of clear cell RCC (n = 25) and papillary RCC (n = 4). We could not detect any association of tissue perfusion parameters and the defined clinicopathological characteristics in either the subgroup of clear cell RCC or in the subgroup of papillary RCC (data not shown). These results point toward the conclusion that whole-organ perfusion parameters are independent predictors of the presence of an RCC lesion and that they are not affected by tumor stage or size.
Discussion
We recorded kidney perfusion by color Doppler US and performed DTPMs. The main advantage of DTPM is its ability to dynamically measure blood flow parameters for several cardiac cycles. This feature is unique among other US-based imaging techniques. As contrast agents are unnecessary for this type of examination, which is cost-efficient and non-invasive, the observation time is not restrict- ed and the examination can be repeated as often as needed. To gain consistent and robust data, we increased the recording time from 3 s [16] [17] [18] [19] to 10 s. Thus, the data presented here are average perfusion parameters from several cardiac cycles. Using this information, we were able to calculate various parameters, such as vessel area and dynamic flow velocities, to judge the overall perfusion status of a kidney.
We noticed several changes in renal perfusion parameters. Hereby, signal intensity (the maximum intensity during the observation period or the average intensity during several cardiac cycles) was considered to be the most objective measure because this parameter incorporates the area of perfused vessels and flow velocities. It has already been described as a general measure of tissue perfusion [18] . Tumor-bearing kidneys displayed a significantly increased signal intensity. As differences in signal intensities between affected and unaffected kidneys are more pronounced than the vessel area alone, we concluded that both increased vascularity and increased flow velocities contribute to the differences in signal intensity. The relevance of signal intensity is further demonstrated by the fact that there is a correlation of higher signal intensity with elevated tissue oxygenation in cervical lymph node metastases [18] and with local inflammation in patients with Crohn's disease [17] .
Furthermore, in addition to the aforementioned parameters, we were able to define a TPI and a TRI. Similar perfusion parameters have been used before to describe intraorgan vessel resistance [21] . A higher intrarenal vessel resistance has been described for several pathological changes, such as tubulointerstitial and vascular nephropathies [6] , edema or focal fibrosis [22] . Moreover, an association of decreased vessel resistance with advanced stages of RCC [23] or with a more severe histological grade [24] has already been reported. The measures of tissue pulsatility and resistance index used in this study do not only measure larger vessels, such as interlobular arteries, but also incorporate information regarding the mechanical properties of the surrounding tissue. In affected kidneys, we noted a decrease in both the tissue pulsatility and resistance index. Both parameters were decreased in an analysis of cervical lymph node metastases from squamous cell head and neck cancer [18] . Although this method is not able to clearly differentiate between preexisting and newly formed vessels, it can be regarded as an indicator of differences in vascular spread, branching, caliber tapering or interstitial pressure [18] .
As RCC displays notably few clinical symptoms in its early stages, it is prone to late detection when patients are in locally advanced stages [25] . Multidetector computer tomography as the gold standard of diagnosis has already dramatically improved patient outcome by the detection of small renal masses [26] . US-based imaging techniques have recently been tested for monitoring therapy response in RCC [15, 27] but rarely in a diagnostic setting [5] . In our patient cohort, we directly compared DTPM parameters from kidneys with histologically confirmed RCC and contralateral healthy organs. In this study, the best discriminating DTPM parameter could correctly predict the status of the respective organ with an accuracy of 66.7%; a combination of multiple parameters improved the prediction rate to 75%. Prospective screening studies are warranted to determine the diagnostic value of DTPM. In the case of suspected RCC, 10-20% of renal masses are identified as benign lesions [28] [29] [30] [31] . Further experiments are needed to investigate tissue perfusion parameters in kidneys with confirmed benign lesions and to investigate the potential of DTPM to discriminate between benign lesions and RCC.
It is of note that none of the recorded DTPM parameters displayed any association with pathological parameters, such as pT stage, Fuhrman grade or tumor size. These data point toward the assumption that RCC alters renal vascularization to the same extent, irrespective of tumor size or stage.
Conclusions
DTPM is a useful tool in quantifying various tissue perfusion parameters. In kidneys bearing RCC, we detected several characteristic changes in the recorded parameters that might be indicative of enhanced tissue perfusion in RCC. DTPM measurements are able to discriminate between healthy kidneys and RCC with high accuracy. As DTPM is non-invasive, cost-efficient and easy to perform, this method has the potential to be a valuable tool in the diagnosis of RCC.
